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The purpose of this thesis was to analyticaily predict
and experimentally measure the flow-induced pressure field
in a reed-valve arrangement. Reed valves are typically used
in sealed compressor units. The thrust of this work was to
find an analytic solution, compatible with a small computer
system, for a "first-look” at the pressure field on the up-
tlovw gide of the reed valve. Analytacally, the tlowv was
modeled as one-dimensional, piece-wise isgsentropic with the
possibility of an imbedded normal shock. The experimental
portion of the thesig work involved operating an idealized
reed-valve model at various steady-state pressures. The
pressure field beneath the valve plate was measured using a
computerized data acquaisition system whaich relied on a
scanivalve as the pramary pressure gauge.

An interesting side nate identified during thas

regsearch was that if you make a simple madel of the

configuration, using a spool of thread, a pin, and a piece

of paper, you can create a sgupersconic flow and a normal
shock by blowing through the spool. ,ﬂfj

Several people gave very valuable assistance thoughout
this project. My advisor, Lt Col Erac Jumper, provided

insight into the analytic solution, provided direction, and

shared 1n the enthusiasm of the experimental work. Nick
Yardich and Leroy Cannon were ever ready with thear
protessional advise and agsisgtance. A special thanks 1s due
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to Jay Anderson who diligently assisted me in setting up the
computerized data acquisition system. The members of wmy
class, GAE-85D, wvere very supportive and I’'m proud to call
each one of them a friend. Finally, my love and thanks are
devoutly extended to my wife, Alice. Her encouragement,
prafegsional critique and support vere invaluable even when

the Atlantic Ocean spanned the distance between us.

Bob Hunt
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Abstract

The flow-induced pressure field in a reed-valve
arrangement was analytically predicted and experimentally
measured for steady-state conditions. The flow was found to
be supersonic in nature with an imbedded shock for all but
the lowest total pressure runs.

The analytic method uséd one-dimengional isentropic and
normal shock relations. The technique provides a good
"first-look" at the nature of the flov and is compatible for
use on a small computer systrem.

The experimental data was obtained by wusing an

idealized reed-valve model. The data acquistion system was
computerized and used a scanivalve sysgstem to measure the
pressures 1in the valve madel. Circular, square, and
rectanqular valve plate geometries were investigated. The
inlet was circular for all cases. Flow-visualization oil
was also wused in a qualitative approach to determine the
locatior and shape of the shock in the flow. The pressure
meagsurements and the flow visualization showed the shock to

be circular for all geometries and pressures tested. At

high total pressure runs the valve plate began vibrating and
the shock location became smeared, suggesting that the shock

was also oscillating.
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A STULY UF THE FLUIL-DYNAMIC PRESSURE FIlELDS

ON COMPRESSUOR REED VALVES

I. INTRODUCTION

Background

In piston-type compressors, a spring-metal valve plate

1s often used for intake and exhaust valves. The valve,
hereatter called a reed valve, has wide practacal
application due to the gimplicity oxf operation and
manufacture, and the minimal number of moving parts. These

qualities normally mean long life and as such these valves
are 1n common usage in sealed compressor units such as
retrigeration systems. These systems are often required to
operate for years without direct maintenance.

The design of these valves has historically been by
trial and error. Seemingly small design changes c¢an lead to
large changes i1in the operating characteristics 0ot the valive.
Rapird and violent opening and closings of the valve during a
sSingle stroke ot the compressor piston atter siignht desaign
~hanges ta previously smoothly operating valves have been
reported (1), Modeling of the valve by other researchers 1is
otten from a structural point ot view. In other work, the
pressure on the face of the valve has been modeled by

directly applying tne total pressure or the flow to the area
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0of the exposed face. The present thesis work investigated a A“;
v simple fluid-dynamic model of the pregsure field for valve-

like configurations. The pressure field on the up-flow side

(3]

F R RV AR AR

of the reed valve was of primary concern in this study.

The thrust of this work was to develop and apply an
analytical solution to valve-like geometries and to compare

.; it with experimentally acquired data. Certainly, the

problem could be discretized and solved using an elaborate
computational fiuid dynamics approach, but the intention

here was to take a "first look" with the simplest approach.

Ag such, the analytical solution was intended +to be

compatible with awmall computer systems.

Initial work on this problem was accomplished by
Jumper (2). His work examined the valve problem from a >
subsonic compressible flow point of view. One~dimensional

isentrapic flow relations were used throughout. while, a=s

will be sgshown, the flow does not generally remain subsonic, e

insight can be derived from his findings. One such insight

is the fact that only a small differential between the inlet

pressure and the exit pressure is required to choke the flow

in the valve. The present work expanded ¢the analytical

treatment of Jumper to include supersonic flow and the ;f3

'; possibility of a shock wave in the flow. e
Following Jumper, it is8 of 1interest to recognize the

striking geometric similarity between the reed-valve problem

X and a problem involving a spool of thread and a piece of

A T X
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paper. The problem involving the spool of thread is that of
a child’s trick where a pin is centered in a piece of paper,
then the paper and pin are placed on the spool of thread.
The trick is to blow the paper off of the spool. The
interesting feature of the trick is that the paper cannot be
blown off. A reed-valve compressor plate and a reed-valve
gchematic are shown in Figures 1A and 1B, respectively. The
apool trick is illustrated in Figures 2A and 2B.

The geometric similarity between the spocol trick and
the reed valve becomes more obvious when the piece of paper
18 trimmed to more nearly match that ocf the reed-valve
configuration. The spool trick works even with a piece of
paper which barely overlaps the hole of the spool. This
simple experimental and visual aid also provided a starting
point for the design of the experimental apparatus.

Other flow problems with similar geometry can be found.
These problemg are typically posed as incompressible (3; 4)
or compressible but subsonic a& in the case of the radial
diffuser (3). To our knowledge, no previous work has been
done on the general problem which was the focus of this

study.

Purpoge and Scope
The purpcose and scope of this work was to expand on the

work started by Jumper and to compare the analytical
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solution with results acquired experimentally. The expanded
analytical solution includes subsonic and supersonic theory
with the possibility of normal shocks imbedded in the flow.
The analytical =solution of the problem 1is sgpecifically
taylored to be preformed on a sSmall computer system. To
experimentally validate the analytical solution, a test rig
needed to be designed and operated over a range of
conditions for various geometries of reed-valve plates.
Pregsure measurements were taken for the various geometries

and compared with the analytical solution.
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Radial Flow Problem

By studying the geometry of the spool trick, solution
techniquea can be developed. From an abstract point of
view, there 1is little or no difference between the physics
of the spool trick and the reed-valve problem at hand. The
two problemg will be treated here as the sgame. Figure 3
details the problem in a cross-sectional view. The geometry
of the problem prescribes a flow issuing from a circular
inlet. The flow then proceede radially between the base
plate of the apparatus and a free-floating circular valve
plate. Although in general the results may be applied to
any compressible fluid, it will be assumed that air is the
fluid which 18 passging through the valve.

The air enters this idealized reed valve from a
relatively high pressure region. This high pressure region
can originate from the action of a pisgston, as 1in the
compressor, a high pressure sgource, ar even Iraom the
pressure exerted by the operator of the spool trick trying
to blow the piece of paper off of the spool. Wwhen the air
encounters the valve plate, it 18 turned and tflows radially
to the exit of the valve plate. In many situations the exit
pressure will be the ambient atmospheric pressure (though
this need not be the case). Although the problem at hand

wi1ill be treated from a compressible point of view, a look at

et
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the i1ncompressible analogue ig helpful for a background

undergtanding of the flow.

Incompressible Discussion

Figure 4 =ashows a s8ection of the flow which is helpful
in visualizing the problem as a whole. There are several
cross-gsectional areas of the flow which are of interest.
The first 1is8 the area of the inlet. A gection of this area
s identified as I in Figure 4. The next sectional area
gshown 18 that of the annular collar around the inlet;
identi1fied as T. Finally the exit annulus 18 of interest; a
gsection of which is shown ae E. The areas T and E are
dependent on the height (h) of the valve plate above the
base plate of the apparatus. A radial flow of thisg type,
for an 1ncompresslble fluid, ig similar to a two-dimensional
potential source flow (4:134). Now, with a rough idea of
the geometry through which the air flows, equations for
incompressible flow through a variable-area gtream tube may
be applied.

In the i1ncompressible case, pressure and velocity are

related by the incompressible form of Bernoulli’s equation

Po = P + (1/2) p V2 (1)

where P 18 the pressure, p is8 the density, and V 138 the
velocity. The subscript ", " refers to total or stagnation

conditions.

T e e




Figure 4. Sectional View of Flow Geometry




According to continuity, the mass flow rate

m = pPAV = constant (2)

can be rearranged and differentiated to yield a relation for

velocity and area in an incampressgsible, steady flow, =20 that

V dx A dx (3)

This equation demonstrates that for subsonic, i1ncompressible
fiow, an 1increase 1n the area of a given gstream tube 1s
accompanied with a decrease in the velocity of the fliuid in
the stream tube. Similarly, a decrease in area yields an
increage in velocity. For the problem of the radial flow
trom the inlet annulus to the exit annulus, the area is
increasing which 1indicates that the fluid velocity must
decrease in the radial direction.

The radial decrease in velocity can also be identified
with an 1ncrease 1n the static pressure. Referring back to
Egq (1), a decrease 1n velocity for an incompressible fluad
must be accompanied with an 1ncrease 1n static pressure for
a fixed total pressure. Finally, tor subsonic flow, the
ex1it pressure must equal the ambient pressure at the exit,
this being due to the ability of isentropic pressure signais
to comunicate upstream at the speed of sound. Thas
communication is unavoidable because the flow is subsonac.

The ambient pressure sgsignal at the exit ig8 able to

11
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communicate upstream into the valve and moditfy the flow
until the exit pressure exactly matches the pressure ot the
ambient environment.

The height of the valve plate above the base plate, h,
i8 an interesting parameter of the valve problem. Because h
18 a factor in determining the area of the annular inlet
collar (gee Figure 4) it can dramatically alter the nature
of the flow. If h is =mall, then the area of the inlet
collar can be lesg than that of the iniet. This would
effectively produce a channel area distraibution which 18
simirlar to a convergent-divergent nozzle. A bit of reverse
logic shows that indeed this is the only reasonable physical
cage to expect for a free-floating valve plate.

For a moment, let’s assume that h i3 sufficiently large
to insure that the inlet collar area (cf. Figure 4 and
3ectional area T) 18 greater than the area of the inlet.
Also, assume that the flow is not allowed to separate. For

tlow to be 1in the desired direction, the i1nlet (reservoair)

pregsure must be greater than the ambaent pressure,
Pacs > Pa . As the <flow passes the 1inlet, the area
increases and continues to 1ncrease to the exit. Asg shown

betore, thas i1ncrease 1n the area of the flow channel 18
accompanied with a decrease 1in velocity and an increase in
static pressure. Thig hypothetical case leads to the exit
pressure peing greater than the re=gervoair pressgure ar

Pc > Pags > Pa . Recall however, that for a subsonic flow,

12
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the exit pregsure must equal the ambient pressure.
Therefore, the exit pregsure cannot be greater than that ozx
the ambient preswsure as described in this hypothetical case.

This descrepency shows that a large h is not compatible with

a free floating valve plate. Since the flow will simply
adjust until Pe = Pa , the proper sequence of pressures
must be Paca > Pg = Pa . This sequence occurs when h 1is

small enough to make the i1nlet collar area less than the
inlet area; the 1inlet collar, 1n effect, throttles the flow
1n the valve.

The height of the valve plate is a function of the mass

tlow rate, as detined by continuity and the geaometry of the
inlet collar. The area of the collar ig simply
Ac = Z2nRiwcecrh . Combining thig with Eq (2) completes a

tull specitficatian of the i1ncompressible problem.

Thig simplified incompressible look at the problem
shows why the operator of the gpool trick is unable to biow
the paper otff of the spool. The entire radial flow between
the i1nlet collar and the exit collar 18 at a pressure below
that of the ambient environment. The entire external side
ot the paper 18 acted upon by ambient pressure. This torce
imbalance 1s opposed by the torce necessary to eftect a
momentum change i1n the flow to turn the corner at location T
tgee Figure 4) and possibly the weight ot the paper. For
geaometries ot the trick where the pilece of paper 1S

approximately the same s8ize ag the spool of thread, the

13




operator is physically unable to produce enough pressure to

dislodge the paper. It will be shown that the flow enters
the compreasible regime and chokes at location T far before

the force due to the momentum change can dislodge the paper.

Caompreggible Solution

Many of the basic features of the flow as identified in
the incompressible discussion still hold. The concept of
the area of the channel being s8imilar to a convergent-
divergent nozzle 1s valid, but the mathemstical decription
in Eq (3) will require modification for compressible flow.
With a proper pressure differential between the reservoir
and the ambient environment, the fiow may choke at the inlet
collar and it is possible to have a supersonic section of
the flow. A look at one-dimensional igentropic flow
conditions shows why an increasing area accelerates the flow
supersonically. The differential form aof the continuity and
momentum equationeg for one-dimensional flow is given by

vdv + dP = @
P (4)

If we assume isentropic flow and 1incorporate the
definition of the speed of sound, (dP/ds ;s )*-% , and the
continuity equation, Eq (4) may be manipulated (6:209~213)

to yield

1
V dx A dx (S)

14




Three cases must be considered.

For M < 1 , dV/dx and dA/dx are opposite in saign.
This 1is similar to Eg (3). Hence a sgsubsonic flow
decelerates in a diverging channel and accelerates in a
converging channel.

For M > 1 , dV/dx and dA/dx have the same sign.
Hence a supersonic flow accelerates in an expanding channel
and decelerates in a converging channel. Thus supersonic

behavior in a channel is opposite to that of sSubsoniac

behavior.
For M = 1 , the most appropriate consideration from
paysical grounds is that dA/dx = @ . We can conclude that

the sonic condition can only occur at a congtriction or
throat.

Although, it may at <first appear that the problem at

nand 18 not sulited to a one-dimensgional analysis, the
reiative simplicity of the one~dimensional 1i1sentropic
equations makes them attractaive. Further, thear use 1S
compatible with a basic tenent of this work, to use

techniques which are compatible with small computer systems.
The reed-valve problem presents a geometry to the flow which
18 comparable to a convergent-divergent nozzle. The one-
dimensional isentropic relations are applicable to a wide
variety of nozzle-type problems, wvith reasonable results,
even when the one-dimensionality of the problem s

questionable. This work will usme these relations and the
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- normal shock relations for the analytical solution to the

problem, and, as wall be shown, thig method vyields
Aty
e
reasonably good agreement with experiment. e
e
Xk
.'-\. .’.:
Numerical Solution LAY

A computer program was written to solve the reed-valve

problem. The program, SOLVE, is 1listed in Appendix A.

SOLVE was written in BASIC and uses the assumption that the

flow is8 8gteady, one-dimensional, at a minimum piece-wise

isentropic and has the possibility of imbedded snocks. The

flovw is assumed to be air and was treated as a perfect gas. ;fﬂ
The program was run on a Columbia Data Products personal f;y
computer (IBM compatible) which has 256K RANM. SOLVE

produces a solution to the reed-valve problem in :

approximately 6@ seconds.

The anaylitical solution includes a number of
1gentropic flow parameters (7; 8:47-75). In the following
discusgsion the ", " subscript again will reier to total or

stagnation conditions for the specific parameter. Equations

tor the parameters of 1interest have been reduced to forms
which require 1nput of the total condition of the parameter -
and the local Mach number. A function ot the local Mach Sy
number 1s a common factor to many of these calculations and

18 given by

FNBOB(M) = [ 1 + ( ¥Y-1)M2/2 1 (6)




e

i DSOS S Wit el Rl S i

Thig function of Mach number wvag then used to determine
the following properties:

Pressure was obtained by

P = Pn
| FNBOB (M) |
L i (7)
Density was found by applying
p = Py
¢\ FNBOB(M) |
L 4 8)
The local temperature was found using
T = To
FNBOB(M) (9)

Also, using the total temperature, it was convenient to

define a total sonic velocity

1/2
Co = ( YRTqo) 12

So that the local sonic velocity caould be tound using

c = S0
~ v l/2
i FNBOB(M) !
. " (11
The local velocity of the flow was now found by
vV = cM (12)

17




In order to find the Mach number at each location of

interest two equations relating the Mach number to the

pregsgures and Mach number to area ratioe were requared.

First, for an isentropic flow, the Mach number at the exit R

could be found by knowing the preasure ratio between the

total pressure and the exit pressure. The relation is

=2

- JLer=-10/72 |
v-1 :

Po / P‘ l - l

- - i

1
i
—i
S
[
~
N

I
|
[

X
L]
0
P

4 (13)

Once the exit Mach number was known, the Mach number at

any other location could be determined from

r
_Rg Mg ] ; FNBOB (Mg )

Rq | | FNBOB(M;)

r 1 (1/72)-0r/7(Yy-1)1

3 5

% | !

. 4 . J (1l4)

It 18 aimportant to note that while the radius ratio i1s used S

in the preceeding equation; the usual ratio i1e& that of the ~. -

area ratios. For the circular reed-valve model, the rad:ii

ratio 18 identically the area ratio from thes inlet collar to

the exit collar. Recall that the area of the ainlet collar -
1s Ac = 2rfRin.erh and the area or the exat collar
1s A¢ = 2nRe¢h . The common factor of 2rh cancels from
the ratio of the two areas. It is emphasized here that this

problem 18, theretore, fully specified from this theoretical

point of view without the variable h entering the problem.
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If a shock occurs in the <flow, several parameters

undergo a change which was modeled by a jump discontainuaity.
The circular geometry of the reed valve model and the radial
nature of the flow through the valve suggest that any shock
in the flow will be normal to the flow. Although the shock
will be circular when viewved from above, the flow sees a
simple normal &shock, thus the normal shock relationsg are
appropriate for thi§ case.

The subscriptg ", " and "v" denote the upstream and
downstream values, regpectively, of a parameter acrossg the
shock. If the upstream Mach number is known, the downstream
Mach number is given by

1/2
M, =

N
<
X
pe
L]
+
N
PE—1

. (15)

The total pressure decreases across the normal shock.
Total pressure 1is the parameter which 1s used 1n SULYE to
track the changes in the other parameters atfter the shock.
Static pressure 1in particular 18 of interest because the
tlow after the normal shock will be subsonic and theretfore
the static presgure at the exait must match the ambient
pressure. This was the parameter to be matched when
determining the location of the shock. The total pressure

on the downstream side of the shock is given by

19
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With the background of the specific equations in place,
a dicussion of the logic of SOLVE follows. An overview of
the entire program is given, followed by additional
overviews of specific2 of the subsonic and the supersonic
s8oiution techniques.

Figure 3 1is a flow chart of SOLVE. Unless otherwise
gpecified the program defaults to standard day conditions
for temperature and pressure. The iniet radius for the
valve 18 also set to default to the value of the actual
reed-valve model tested. An alternate input section ais
interactively available to the user tc allow specific inputs
to match a specific problem. The default option is useful
for a general understanding of a preliminary problem;
however, 1t 18 important to use the alternate input section
1t Qone wishes to compare theoretical values with
experimental data. Next, following the input section, SQLVE
sets the detfinitions of various parameters, descretizes the
radial domain of the flow tield, and determines the nature
of the problem.

Depending on the ratio of reservolr pressure to the

exit (ambient) pressure the nature of the problem can be
subsgonic, supersonic with imbedded shocks, or tully
20
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DEFINITIONS

SET INCREMENTS
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L4 END
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supersonic. The main daistinction which SOLVE 13 concernea
with 1s whether the problem will require a subsonic or a
supersonic solution technique. The program uses Eq (14) and
a fixed point iteration scheme (9:88-95) to find the Mach
number at the exit for the case where the flow is exactly
sonic at the throat (inlet collar) but gubsonic elsewvhere.
This condition will be refered to as the star condition for
the problem, The flow is8 isgentropic throughout the field
tor this case. Knowing the exit Mach number tor the star
condition the pressure ratio for the star condition can be
found using Eq (7). By comparing the pressure ratio of the
problem with the gstar condition pressure ratio, the nature
of the problem is established. Following the appropriate
solution technique, SOLVE ocutputs the data to the screen for
viewing and will save pressure or pressure ratio data to a
disk file. The files are formatted for easy use with
graphics sottware.

It the specified pressure ratio 1s less than the
pressure ratio for the star condition, the problem will be
entairely sSubsonic. A flow chart ot the subsonic solution 1is
presented i1n Faigure 6. Here the exit Mach number i1s Iound
uging kg (L3). The Mach numbers at the 1ncremental
locaticons are then found using £Egqg (14) and fixed poaint
iteration. Finally, the remainder of the properties at the

incremental locations are found using Eqgs (7-12). The
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CALCULATE INCREMENTAL PROPERTIES:

‘ GO TO QUTPUT J

Figure 6. Flow Chart of Subsonic Solution




program branches to the output section with the subsonic
descraiption of the flow.

If the flow is supersonic in nature, the program
asgumes that the flow also has an imbedded normal shock.
Schreier (8:75) gives a trial-and-error method for solving
this problem. Some of his procedure has been modified to

make i1t more applicable to a computer program and the reed-

valve problem. A flow chart of the supersonic solution is
shown in Figure 7. The steps used in SOLVE are:
1. Postulate an upstream Mach number for fixed shock.
2. Calculate the radius ratic uging Eq (14).
3. Find the downstream Mach number using Eq (19).
4, Find the downstream total pressure using Eq (16).
S. Find the exit Mach number using Eq (13).
6. Find the exit pressure usaing Eq (7).
7. Compare this pressure with the ambient c: back
pressure. It they are equal to within a prescribed
tolerance the shock 1is 1n the desired location.

Utherwise, the process is repeated by changing the
position of the shock. This is done by postulating a
new upstream Mach number.

A marching technique is used to place the shock 1in the
proper location. After the inaitial location i1s evaluated,
the program takes a step i1increase or decrease in the
upstream Mach number and re-evaluates the problem. This is

repeated, stepping in the same dairection, untal it has
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overstepped the solution. At that time the march changes
direction and cuts the size of the step in halt. The march .
continues in the new direction until the solution is again
' overstepped. This whole process continues until the exit
pressure matches the prescribed back pregsure to within a
gspecified tolerance. Thig marching technique is also used

to determine the Mach number at specified area ratios for

the supersonic portion of the flow field because the fixed
point i1teration scheme doeg not converge to the supersonic
value of Mach number. Once the shock has been determined to
be 1n the proper 1location, the program delivers the
incremental properties to the cutput section.

A collection of theorectical pressure ratio versus the

radial location data from SOLVE 1s plotted in Figure 8.
Figure 8 includes a subsonic curve, a nearly star condition
curve, and several supersonic curves with imbedded shocks.
Une feature to keep 1n mind about Figure 8 1s that <the

1sentropic preshock portions of the supersonic curves lay on

top ©or each other up toc the point where theyv shock. This et
»

will be a pattern to be looking tor when viewing the -

experimental data. The theoretical curves presented here -

are similar to those 1n texts describing the flow i1n a Laval
nozzle (6:211-213, 242; 10:127-130) because the geometry of .

the ftlow in the reed valve 1s saimilar to a convergent-
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divergent nozzle. It should be noted, however, that the
convergence in the reed-valve problem 1is a very sharp
decreage, basically a step, and the divergent section has a
rapidly increasing area. An equivalent two-dimensional
nozzle would have a divergence half angle, s, of
approximately 72.3 degrees ( tan & = n ). For a carcular
duct nozzle, the applicable divergence halzt angle
relationship is tan & = (2h/Ry )% -3 . It 18 emphasgized
here that the reed-valve geometry does not match either the
two-dimensional or three-dimensional equivalent nozzle, but

a comparison with these "standard" nozzles is interesting.

Qther Theoretical Considerations

It is interesting to look at what range of pressure
ratios that cause the reed-valve or the spool problem to
change from a subsonic nature to a supersonic problem.
Assume an inlet, circular in cross section, with a radius of
l/78-1nch and a reed-valve plate (or piece of paper!) with a
radius of 1-inch (representative of the spool track). By
using SOLVE, it can be seen that the problem changes
character at a pressure approxaimately 0.053 psa above
ambient (standard day assumed). This seems i1ncredibly low
and means that tor 1i1nlet pressures greater than thas, the
flow will have a supersonic section with an imbedded shock.
When pertorming the spool trick, an average adult can

maintain a pressure on the order of 1 to 2 psi. Obviously,
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even the spool trick must be treated as a compressible
supersonic problem.

A more formal presentation of what pressure ratios are
required to theoretically produce a superscnic problem ig
given in Figure 9. An example here is also instructive.
For a radius ratio of 0.8 and the exit pressure at ambient,
the valve would have sonic flow at the throat for a gauge
pressure of approximately 3.6-peig. This example
corresponds to a valve plate with a radius of ©.344-inches
for an inlet of radius of @.281-inches. The overlapping lip
of the valve plate over the inlet hole then is @.063-inches.
This amount of overlapping for a valve lip, about 1/16 inch,
18 representative of the order of the measurements for an
actual reed-valve configuration (see Figure 1).

Although the theoretical treatment of the reed-valve
problem is inviscid, boundary layers should be expected to
be present 1n the valve. When the air initially impinges on
the valve plate a stagnation cr Hiemenz flow (11:95-99) 1is
likely. Further into the chanrel boundary layer growth for
a divergent channel could be sxpected (11:106, 223). The
boundary layer will have a displacement thickness which
should have an ettect on the experimental results. The
height ot the valve plate above the base plate, 1f canstant,
1= not a required parameter in the theoretical solution of

the reed-valve problem; however, boundary-layer growth could
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change the etffective channel height from a constant to a
variable. For an 1increasing displacewent thickness, the
area of the channel would not grow as rapidly in the viscous
case as in the theoretical case. One might assume, then,
that the pressure ratios at a gpecific location would have a
value corresponding to a smaller area ratio. One would also
expect other considerations, such as separation of the flow,

to effect the solution.
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Arm Pattern of Pregsure Taps
- L saure 1B, Test Raig, Bottom View
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iV, tvalibration and Test Frocedure

Lalibration
One advantage to using the scanivalve for testing was
that only one transducer was used for collecting the

pressure data. Therefore, the calibration procedure wag to

compare the tranducer signal against known pressures. From
ii this comparison, a calibration curve (a plot of voltage
u versus pressure) wag produced. The pressures for the

calibration were measured with a 130-inch mercury manometer.

This was the same manometer which was used to measure the

total pressure of the resgervoir. A pressure tap ran from
this total pressure line to the scanivalve. This tap was
used exclusively for calibration and vas normally

disconnected or cloged during data runs tTo insure that the
transducer was not 1inadvertantly overpressurized. The
computer and entire test station were in a ready-~-for-testing
configuration during the calibration. The calibration curve
for the scanivalve transducer i1s shown in Figure 15,

Unce calibrated, i1t was a straight-forward procedure to

measure a voltage corresponding to an unknown pressure. The

unkKnown pressure  was then found by computing the pressure

which matched with the measurea voltage. The calibration
curve ot the scanivalve transducer exhibited linearaity to
within ©.42 percent of full scale over the range ot

pressures o1 interest.
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Figure 15. Pressure Transducer Calibration Curve
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Test Procedure

; A computer program, TEST, was wraitten to direct the

N acquisition of the pressure measurements in the reed-vaive

- model. The actual test procedure was straight forward. The }i?
. ‘-.-' . .;
equipment was turned on and allowed to warm up and

stabilized for approximately 15 minutes. During the warm-up

period barometric pressure and ambient temperature readings

were made. After warming up, the bridge excitation voltage,
- which was sent from the power supply to the scanivalve, was

checked and adjusted as necessary. A calibration run tor

the transducer was accomplished next. This calibration was
- done tor each get of tests, but it is noted here that there
R . vas no measurable difference in the calibration curve over
the entire duration of the testing. Once the calibratian

was checked, the testing was ready to procede.

The configuration to he tested was selected and set up

AN R

on the test raig. The inlet pressure was set by adjusting

the regulator on the 1inlet line. The system was again

allowed to stabilize. While stabilizing, the program TEST FQ

NN

was started with a run command. TEST interactavely .
requested the test condition and then awaited a command to
commence gathering data. When the system had stabiiized the
operator input a line teed (return) command and FEST
- dairected the gathering of the data. The data runs lasted

approximately 3@ seconds. During the data run, all 40

s3urtace pressure portg were sampled. Each port was
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1ndividually sampled 20 times betfore the sScanivalve wvasg
stepped to the next port. The value of the reading for each
part measurement was the average of the multiple sampling.

Upon completion of the data run, TEST could be made to save

the data to a disk file.
Thigs procedure of testing continued until the operator
was finished with the desgired runs for the day. Finally,

the barometric pressure and temperature were again measured.

In order to obtain a more specific i1dea of the shock

location and shape, a flow visualization technique wasg

devaised. Wind tunnel flow visualization oil was used. Due

to the o0il mixture containing white pigment, the test rag ;]f
was painted black to insure better contrast for photography. - .
The oil was dotted on the base plate of the test rig as ﬁQ

shown 1n Figure 1l6A. In order to keep the o0il undisturbed

(except by the flow) the tests were run with the rig up-side ~ -

down as shown 1in Figure 1E&B. This required a slightliy R

dizterent configuration for the test raig. The Legs were

reversed in their holes and knite edge supports replaced the -
centering pins (ct. Figures 12 and lol). Atter the o1l was T
1n place the rig was 1inverted and the air was turnea on at a

moderate rate. The valve plate was then raised slowly

toward the inlet. Recall, that the problem i1s =sSelt

adjusting for the height of the valve plate, so once the

piate 1s close, the physics or the probiem takes over and

f.V".'? S,

’,

i
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Figure 16A.

Test Rig Showing 0il Drops for Flow
Visualization

Figure 1l58.

Test Rig i1n Inverted Configuration.
Reversed Legs
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Figure lobl. Test Rig Showing Knife Edge Technique for
Centering the Valve Plate
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snatches the plate. After the valve plate 1s captured by
the test rig, the reservolir pressure was adjusted to the
test condition. The test pressure was maintaained ztfor
approximately 20-seconds. The air supply was then cut off
and the valve plate fell to the table, leaving the oil flow
undisturbed. The rig was then turned back over for

photographs of the flow pattern.
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V. Data Reduction

he data wvere saved to a disk ftaile during the test
runs. These data files were accessed by a data reduction
program, REDDATA. REDDATA was written in BASIC and 1is
listed in Appendix D. The program took the raw data whach
vas collected by TEST, applied the appropriate corrections
to the data, converted the pressure readings to absolute
pressure readings in psi, and then saved the reduced data to
fi.es for plottaing.

The data which was collected by TEST was presented in
millivoits. REDDATA took the millivolt readings and used
the calibration curve to convert the millivolt readings to
the equivalent manometer reading in inches of mercury. The
readaings required correction at this poaint. The equaivalent
manometer reading was corrected for temperature and gravaity.
The temperature correction accounted for thermal expansion.
The gravity correction accounted or the elevation and
latituge o1 the test site. Tables tor the corrections are
available 1n several experimental guides or meteorological
texts (13; 14:13, 138-202).

The pressure readings to this point were 1n 1aches ot

mercury. To get an absolute pressure, the ambient pressure
had to be added to the data. The ambient barometric reading
vwas taken at test time using a Fortin-type barometer. Thas

reading was also 1in rnches oxf mercury and had to be

corrected. Unce corrected, the pressure readings could be
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added and converted to psi readings. similarily, the total

(reservolr) pressure reading was corrected and converted.

REDDATA took the absolute pressure readings and
presented the data in a format similar to that which SOLVE
used for the theoretical values. REDDATA used the symmetry
of the problem to give an overall view of the flow field
properties in the reed-valve test raig. For the circular
valve plate the flow field along each radial arm was
equivalent. REDDATA averaged the eight radial profiles to
get the average description of the radial flow-field
pressure under the valve plate. The reducted data was then
saved to a disk file for plotting. REDDATA could save the
data i1n a pressure ratio format or in an absolute pressure
tormat.

Variations of REDDATA were used to reduce the data tor
the square and rectangular valve plates. The square plate
nad two sets of symmetric profiles. The radial arms whaich

were paralleli to the ¥ and SU-degree axes of the square were

symmetric and <ould pe averaged. The +45 and -4b-gegree
diagonals were alsao gymmetric. For the rectangle, 3 sets ozf
symmetric profiles are used. Figure 17 i1dentiries the

radial arms which display symmetry tfor the various plates,.
‘he variations to the REDDATA program regquired to present
the data tor the square and rectangular disks are straight

forward and not presented.
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A final program was written to compare the area
presented by the reed-valve test rig with the equivalent or
eftective area of an 1i1deal nozzle. This program, EFFAREA,
is a modification of SOLVE. The purpose of writting EFFAREA
wag to look at wvarious area ratio profiles in order to find
a best-fit match of the data. The moditfications to SOLVE
consisted 2f replacing all references to radii ratios with
area rat:ios and by specifying specific area ratios at aill
N incremental locations. Two methods were used to define the
etfective area ratios.

The first protile, derived by method 1, was formed by
fairing 1in the curve for the data which was analogous to the

supersonic portion of the thecretical curve. Usang the

- 'l

taired curve, pressures ratios could be projected back to

the theoretical curve and etfective area ratios could be

Jetermined.
i The 3second praofile, using method &, was basically
si1milar to the protfile used 1in SULVE. However, the area oz

the throat was varied while leaving the other incremental
areas unchanged. This scheme may be saimilar to a protile
wnich was due to a blockage at ot near the corner which
detfined the throat. The location ot the shock was used as
tne comparison criterion to determine what tactor should
muitiply the throat area. Atter comparing several pressure

profiles, the ractor whach multaiplied the throat are was

[ R PR

determined to be . b4.
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Ceteata

Lue to the saimilarity cf EFFAREA anad SULVE, the program
I 1S not presented. The area profiles for the two methods are

presented in Appendix E.
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vI. Results and Liscussion

vwenerad
Data from 7@ test runs were saved to disk files tor
reduction. Testg on three configurations were accomplished.

In this section the configurations will be referred to as

configuration 1}, 2, and 3. The first configuration was the
" circular plate, the second was the square plate, and the
.i third was the rectangular plate. contiguration 1 was tested

in 33 runs; contiguration 2, 31 runs; and contfaiguration J,

; o runs. Testing was accomplished on 5 separate days.

\ 4 -

8 Juplicate conditions were tested on different days to check
the repeatabilaity of the test data. The repeatabiiity for
all checks was excellent. The pressure ratio data points
tor <saimilar runs from different days were basically
colincident.
toniiguration 1

a lest runs tor the circular, Z-inch diameter valve piate

i were pertormed for gauge pressures from 1. Z-inches of

;- mercury to 210-~inches o0t mercury. tigure 18 shows a
representative sampling ot 5 data runs. A point to note
tram the Tigure 1s that portions o1t these curves cioseldy
overliay one another. fhis 1s very representative ot the

L .

b 1sentroplic sSubsonic to supersonic branch oz the oane-

? agimensional theoretical analysig (ct. Figure 48). The exact

focations of the normal shocks 1n these tlows are unknown.
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It 1s, however, tairly clear trom the jump i1n the pressure

. ERE ..

ratio, that a shock wmust lay between certain data points. C-

PRI

i Data points on opposite sideg 0of the shock are connected by uiff
..\.. ‘.I .‘.

i a dotted line. Keep in mind that the shock caused a steeper %

o Jump in pressure ratioc than this dotted line represents. HERRR

Figures 19-28 are direct comparisons of analyticali and
experimental data. Figure 29 is a compilation ot severail

pressure ratio plots. The theorectical curve for a specifac

reservolr to exit pressure ratio 1s plotted as a solid line.
The experimental data are represented by the individual
i‘ points. These graphs provide a sequential look at what
;' happens to the flow as the reservoir pressure 1S increased.
- The data indicate that the shock in the reed valve occurs at
i a smaller radial distance than the theory predicts. The -
dava along the supersonic portions of the curve also match f;tbi
with smaller area ratios. This appears to be consaistent ;;Q“
n with the 1dea of a blockage effect in the tflow saimilar to a = Y
displacement tLthickness of a boundary layer (ci. Chapter 1li..

It should be noted that the tlow 1in the supersonic section

0of the vaive 1s i1nfluenced by an extreme pressure gradient. -

e

Arter the s=hock, the pressure gradient 1s adgverse aue to the

subsonic nature of the problem and the geometry in thas

regicn. Also o1 interest 1s that the tiow i1n the subsonic
section of the test rig actually rose above ambient L l,f
pressure. The theory shows that the pressure ratio should N
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Figure 19. Pressure Ratio vs. Location Plots, Theory and
Data, for Resgervoir Presgssure of 14.385 psia
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PRESSURE RATIO: P/PRES
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PRESSURE RATIO VS LOCATION
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Preasure Ratio va. Location Plots, Theory and
Data, for Reservoir Pressure of 15.88 psia
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Figure 21. Pregsure Ratio vs. Location Plots, Theory and
Data, for Reservoir Pressure of 20. 46 psia
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Figure 23, Pressure Ratio vs. Location Plots, Theory and
Data, for Reservoir Pressure of 28.96 psaa
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Figure 24. Presaure Ratio va. Location Plots, Theory and

Data, for Reservoir Pressure ot 56. 39 psia
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Figure 25. Pressure Ratio vs. Location Plota, Theory and

Data, for Reservoir Pressure of 48. 36 psia
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. Figure 29. Jverlay af Five Theoretical and Five Data
. Plots of Pressure Ratio vs. Location
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approach the pressure ratio at the exit from peiow, with no
. overshoot. The data appears nearliy 1ztlat, but ciose

inspection reveals that the measured pressure ratio

approaches the exit pressure ratio from above.

At reservoir pressures above 17@8-inches of mercury
(pressure ratio of approximately ©.15) the valve piate began
vibrating and the centeraing pins had to be held in place.
At gauge pressures above 19@-inches of mercury, the rig
ammitted a howling noirse as the vibrations increased.
rressures above <Zl1@-inches of mercury were not attempted due
to the i1ntense noise and instabilaty.

Figures 3VA and 30B are included for a comparison of

the data collected with +the reed-valve model to data

coliected i1n a lLaval nozzle (10:129). A straiking saimilaraity
1S apparent. The area ratio attained by the reed valve 1s
much greater, but the Jump 1n pressure due to a shock and

Tne overshoot and return to ambient pressure near the exit
are displayedq 1n both. Further, 1t sShould pDe noted tnat

Figure 30B 1s given as an example ot how welil the one-

darmensional theory holds true 1n experiment 11y:l.9). !

‘he neignt o1 tne vaive plate was measured over a large

range ot pressures. The heignt was measurea with an S
automotive teeler gauge and tound to be constant to within ) q
the tolerance 0t this measurement tecnnique. The heignt was .
tound to be approxaimately 0U.JUld-i1nches tor the range ot tne

test runs. The bourdon pressure gauge was hookea ta tne

=)
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Equivalent Circular Duct Nozzle
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Equivalent Nozzle Including Theoretical
Supersonic Branch
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Figure J3@B. Similar Plaot for Laval Nozzle, Taken From
Liepmann and Roshko (10:129)
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inlet line ot the tlow 1n order to make a static pressure
o reading. By forming the ratio of static inlet pressure to
- total pressure, the Mach number of the flow in the inlet was
found to be approximately @.205S. Although it 1s most likely
that the flow in the inlet isg turbulent, a gquick look at the
problem assuming a‘laminar Hagen-Poiseulille profile (11:12)
is a4 good aorder of magnitude check. The volumetric flow 1is

given by

WO = (n/72) R[u-‘_gyk Umn (17

Where ug iz the maximum velocity of the flow. Recallang,

that continuity may be written as

3.
"

pad =  pPAv v1l8)

The throat area may be chosen as the second location to do
the comparison where A = 2nR;wcerh. Eq (18) 1= then =solved

1or the height h.

h = ¢ pyuiRinwcer) 7 (4 Peouy) «l9)

SOor the Macnh numper of the 1inlet, the calculatea heignt is

n = U,Jdilvo-1nches.

~onllguration .
The 1l.5-i1nch by 1l.3-inch square piate was testea tor
gauge preggures ranging trom 48.2-inches of mercury to l4¢-

inches ot mercury. The plate became unstable at the upper
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pressure. The piLate was centered above the 1niet at various
orientations. This was made possible by drillaing additionadl
alignment holes ain the overhead plate through which the
centering pins could be inserted (See Figure 12). Pressure
measurements wvere taken with the square aligned with the

axes of the radial surface ports and at -15-degrees and at

+30-degrees. The pressure profiles were expected to be
ditferent for ditfferent radial directions beneath the non-
circular plates due to the variations in the lengths o1 the ﬁf;_
rzdial rays from inlet to the plate edge.

It came as a bit of a surprise that the data appeared -
to shew little variation with respect to radial direction. ?: o

The measurements taken with the plate turned either -15- {15"

degrees or +30-degrees also showed little wvariation. The S
data has the same appearance as the data gathered tor the
circular disk. RELUDATA was put to use to determine 1t
indeed there were varliations 1i1in the data. Figure 31
contains three pressure profiles. The tirst 1s obtained by
averaging data trom the d-degree and Hw-deqree'radlaxs. ihe
second protile 15 pressure ratio data from the four 495~
Jegree radials. 'he Zfinal curve 1s plotted as 11 tne aata
were trom a carcular disk; all eight radial protirles are
averaged to gaive this tinal curve. T'he three curves are
nearliy 1aentical. Ubviously, the distance traveileda 1n tne
channeli tor this configuration did not eftect the behavior

ot the 1low. If one postulates that there 18 a signiticant

-y
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Figure 31. Presgure Ratio vs. Locatian Data for "f;
Contiguration 2: Three Data Plots; Two for N
Symmetric Armeg, One for Circular Evaluation. -
Theoretical Plot for Circular Plate Included e
for Comparison -
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sSeparation in the flow downstream ot the shock, then the
pressure 1in the region Ifrom the shock to the exit could be
close to ambient along all ray directions. The pressure
ratio curves are quite flat in this region so this seems
like a reasonable possibility of what is happening. If thas
is the case, then a longer or shorter channeld in this

portion of the flow will probabiy have little eifect on the

cverall characteristic ot the flow in general. The geametry
ot the inlet is circular, the supersonaic tiow i1ssues
radially outward untxl 1t passes through what appears to be .iSlw
a circuiar Jump discontinuity. It geems likeiy that the
geometry of the inlet rather than the geometry of the valve

plate disk is the determining factor of the flow.

It should be noted that the data on the supersonic
portion ot the curve for the square plate do not tall aon the
zane curve as the points for the caircuiar plate. The
=1tectrve length of the <flow channeil in each case 1s
Jilrerent. 'he points are clase, but a daistinct dittference
1s evident. The theorectical-isentropac sSubsonic to

supersonic portion 1or the one-inch diameter circular plate

13 i1ncluded 1n Figure 31 to1' comparison onuiy.

Lontiguration 3 PR

This rectangular valve plate measured l.75-i1inches by 1-

i1nch. Test runs were pertormed for gauge pressures tfrom
LY. 2-1nches ot mercury to lW¥-inches of mercury. The plate
74
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became unstabie at the upper pressure. unly one orientation
wvas tested tfor this valve plate. The results are very
saimilar to what was found for configuration 2. A pliot of
the pressure ratios for various symmetric tlows at the same
inlet pressure are shown in Figure 32. Four data plots are
presented. The first was obtained by averaginog the two
radial readings parallel to the pramary axisgs of the
recrtangle. The second was obtained by averaging the two
perpendicular radials. The third was the average o1 the
tcur diagonal racial proriles. Finally, the fourth piot 1s
obtained by treating the data as circular and averaging all
eight radial prozfiles. Again, the curves are basically the
sSame. Also, as was apparent with contfiguration 2, the data
peoints on  the sSupersonic portion of the curve do not match
with the analogous points for the carcular J13K. The
thearetical curve for the circular disk 1s again presenteaq

IOr comparison only.

Zrtective Area

Figure 33 13 a psot with four sets of aata. he plot
13 tfor contiguration i operated at a reservolr pressure ol
Sb. 39 psaia. The experimental data are pictted as individual
point=. The three solid curves represent anaiytic solutions
obtained from SULVE, EFFAREA method 1, and cEFFAKEA method Z2.
Note again that the data indicate a shock 18 occurring at a
=maller radial distance that predicted by SULVE. For

methcd 1 of EFFAREA, the theoretical shock oczurs at an =ven
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Figure 32. Pressure Ratio vs. Location Data for
Configurataion 3: Four Data Plots; Three for
Symmetric Arme, One for Circular Evaluation.
Theoretical Plot for Circular Plate Included
for Comparison
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Figure 33. Pregsure Ratio vs. Location Plots of Data ana
Three Analytic Techniques: (1) SOLVE,
(2) EFFAREA Method !, (3) EFFAREA Method 2.
Remservoir Pressure 1g 36. .39 psia
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iarger radia:i dastance. Method 1 does match the data points
on the supersonic curve fairiy wedll. But, this should be no
surprise, because the area ratios were derived from the
supersonic portiong of the data plots.

Method 2 predicts the shock location well using a value
ot 64.0 percent for the effective area of the throat. T7This
vaiue for the effective area matches the shock tfairiy weil
tor the range of pressures tested. However, the values
ailong the supersonic portion of the curve are 1ncorrect. In
1act, these vaiues are worse than those predicted by SULVE,

Neither method of EFFAREA is adequate to predict the
flow. More work to attempt to match the cata is probably ain

order, perhaps in a future study.

Tlow Visualization

The o1l flow-visualization procecure gJave a distinct
depiction ot where the shock was located. A line was
produced 1n the o011 by +the shock 1in most =ituations.
rainting the base plate of the test rig black roughened the
surrace and slightly reduced the sharpness of the shock
line.

for contiguration l, three test pressures were chosen.
(he te2st pressures were 44, 73, and Y99 psia. 'nese
pressures were chosen from a study on the reduced pressure

ratio data already gathered. The shock locations should be

hetween ports 1 and <, £ and 3, and 3 and 4 respectively.

78




.‘4"i

XA ST

PR

- -

Figures 34A and 448 show tne tlow visuaiization 10T the

first two runs. Each shock was well detined and at the
expected location. The shock 1in each case was circular.
Figure 35 shows the o0il flow for the Y9-psia run. Thas

pressure corresponded to about 17@-inches of mercury and, as
reported earlier, the plate began wvibrating. Close
inspection of the o1l flow does reveal that the shock was
located at or just beyond port 5. However, the o011l
visualaization 1s sneared as would be expected 1t the shocuk
were osciliiating.

Une test run was performed with configuration 2. The
o1l flow 1is shown 1n Figure 38. The test pressure was 39-
psia. Although the piate is2 square, the shock was circular.
This supports the 1i1dea of Separation discussed earlier
{Ccx. whapter VI Lonfiguration 2).

Two test runs were performed with the rectangular plate

"conriliguration 3). The <first run was for a reservolr
pressure of 39-psia and the flow visualizZaticn 13 presentea
in rigure 37A. Again, the shock was circuilar. The secona

run was perrtormed to place the shock near the c.iose edge o1

tne piate. A pressure was chosen just below the threshold
Yner= tne pliaiy began Lo vibrate. The reservoir pressure
was D4-psia. fhe shock was again circular as seen in

rigure J7/b.
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rigure 34A.

Flow Visualization Configuration 1; Reservoir

Pressure is8 44 psia

FLigure

348,

Flow Vigualization Configuration 1: Reservolir

Pregsure 18 73 psia
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Presgure is 99 psia.

a1

Flow Visualization Configuration l; KReservoair

Note Smeared shock




X figure Jb. Flow Visualization Contfaiguration 2; Reservolr
Pressure 18 39 psia
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Figure 37A. Flow Visuaiization Configuration 3; Reservoir
Presgure is 39 psaia
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Figqure 378. Flow Vigualiization Configuiration 2; Reservoxir s
Pressgure 1s 54 psia e
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'he 011 drop tlow visualization worked well but

Suited tor looking at the snock after tne vibrations

Possaibly a Schliieren technique with a plexiglass model would

be a test bed to iook at the higher pressure flows.

Discussion

The one-dimensional i1sentropic, inviscia model with .
normal shocks imbedded 1n the flow predicted the basic
nacture ot the rfliow; 1n tact, as well as they predict tfor tne

Laval nczz-le 1n Reterence 10.

it 1s 1nteresting that this reed-vaive mcael so closely
matched the performance of a Laval nozzle i1in the supersonic

section, especially considering the equivalent divergence

anqgle ot tne reed-valve model (cf. Chapter 11..

certarson (4:597-407) State that the best pertormance 1s

abtained for conical nozzies with divergence natz

ip

o}

prer2rred range ot halz: angles 1s due to the statea

that liarger angles nave the possibillty 0O ILow Separartion

Ltrom the waidls.
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vii. Lonciusions and Recommendations

Lanclusions

The purpose of this project was to analytically precdict
and experimentally measure the flow-induced pressure field
in a reed-valve arrangement. This pressure field was
1nitially expected to be that tor fully =subsonic flow. The
tlow 1n both the reed-valve analytic model and experaimental
reeg valve was sSupersonic 1n nature with i1mbéedaed shocks tor
ali but the lowest total-pressure runs. Even the spool ana
paper trick can readily be made tc nave supersonic flow, a
normal shock and finally a subsonic flow to the exit.

The one-dimensignal iseantropic-flow model waith an
imbedded normal shock 1s a good modei for thais flow. There
15 3 4derinite phenomena i1n the flow channel which looks like
a biocrkage due to the displacement thickness oI a pounaary
iayer, separation, or both. The phenomena did not yield to
Simple modeiing techniques. The adaition ar a moaet to
account for bounaary layer grawth might rurtner anance the
modeudl.

ihe etilective area mechoas 0t anaiyzing tne probiem
neea more retinement. The task 0t closing the reed-valive
propblem to predict the valve height ana the mass rficw rate
can be approached fram simplified models to get a tair order

2@ magnitude approximation.

The ztiow visuaiizaton technigque worked well Tar
gertting a detinlite shock location and shape. From the
83
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sSmearing ozt theée SnucKk Lline tor test runs wnhen the vaive
pLate was viprating, it s2ems that tne vibration 13 aue O
an osci.lation of the shcck. A Schiieren tecnnique may pe

etfective for determining the shock characteristics for the

high pressure flaows.

The shocks were circular for all flow visuallzation
runs tor which an impression could be made. 'he circular
shock beneath a non-circular valve plate suggests that the ]
geometry ot the i1nlet 1= a key factor in the shock shape arg

that tnere may be separation oOccurring in “he subscnac

3ection ot the tflow.
The analysis ot the probiem 13 certainly compatible
with a samalill computer gystem when using the presented

technigque.

gecommendations

caseda on the experiences and “he r=2sults or <his study

rae Iol).ow;.ng recommenaations are made:

O
tn
113

i. investigate rethoas LU turther 3ana.yYmTiTa.Ly 4

.
[l
s

the probizem to aetermine the neight o the valve plate apove

~he pDase plate, A momentum approach 1= a .1xkely cangicate, -—n
— investigate bounaary-iayer growth ana tnhe
25231D1.1%Y O sSeparation 1n the 1.iow. vevelop a mogel tnat

preadaicts “he etftective area ot the channel with these

Tonsiderations 1n mind.

=1

L T T e T R S R SRS N
B T P A R I

I N . LI . CTe N ERPENE WA S N PULIESL I I
RPNV SN VS I TSI P PRIV SIS ) S 0% U PRV S DA VRIS

e .
at



s Ak e

.-o '.- - -
N

S et T
PP APV A AT

R _-__,4‘-1.‘;' e

S Predict mass-flow rates trom the above extensions
Lo trhe modeliing. Verity the procedure by experimentally
measuring the mass tlow rate.

4. lnvestigate various 1i1nlet geometries to find the
ettect on the supersonic flow and tnhe shape ot the shock
vave.

3. Use a Schlieren system in conjuction with a clear
plexiglass reed-valve model to more precisely define tne

Character ot the shock at higher pressures.
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Appenalx A

- SuL vl
A complete laisting or the program SULYE tollows. suLVe
: analyticaily solves the reed-valve problem 1or a carcular

valve plate and circular inlet. The assumptiocons wnich SOLVE

uses are noted 11 Chapter II.
i PR PROGRAM - SULVE
v 1410
. 1YsY “THLS PROLGRAM ANALYTICALLY SULVEs THe rilow - inclu
iwsw CUNDER A ULRCULAK DIsK USING 1-D IsENTRUF.C RN
10490 “AND NURMAL SHUCK FLUOW RELATIUONS. R
K Y I e )
) LO68 UIM RC19s, P(L19),M(19),Vil9),C(19), RRUCID,, I'tidr, PRt L) T i
. lvra - A
: l1a8¢ - DEFINITIONS S
1039 R
1100 GAMMA=1.4:’ RATIO QF SPECIFIC HEATS ST
illo RH=1714.7:" GAS CUNST (FT*2/DEG RANRINE =eC™ o) e
i 1120 PA=14.6955: " AMBIENT PRESSURE (PSL) e
- Lisd TA=3ig:’ AMBIENT TEMP (RANKINE.
o Lid0 Ui=iAz’ TUTAL TEMPERATUKE
~ LaD0W Kl=,lue5: INLET RADLIUS (LINCHES)
; 1igw -
4 Lliw
i Lisw INFUT CUNDLITiUNS
] P17
Lovww CRINGTDEFAULT Ul TLIUNS ARE FOR A STDL DAY
Lolw INPUTTLDU YulU WANT TU UsE DEFAULT UFTLIUNS . ", wls

LedW iF WlS="N" OUliU lLo4w
PesW LF Wi ="n" LUTU 1lcd4w wiok wulu 1./7¢

payey 177}

’ eeZW LUSUB 190: GU TU ALTERNATE INFUI sUBRUUT iINE
PO ~NY/ B
s W LNFPU T INPUY CHE xALLUD b THE wioK CoiNUHRES S ", Rk
L8 JNPUDPTINPUT THE INLe U PReEssURE LN PolA ", PRES
LoP L TrRED
PV

' iolw LEF INE SUNCTLUNS
L1200 wetr rNBUB(MI)=(1+*(LOAMMA-L) /720 *M™ )
[EEREY: R
FURT YY) B UVEFINE EXPUNENTS

1oDW cAl=GAMMA/ (LAMMA-1)
Lot mXo=i/ VOAMMA-L)
LS 70 ACEL - CUAMMAZ COAMMA-L )
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138V
1399
L4y
141y
L4420
14350
1440
1452
1460
1470
1480
1490
1 %=1%1%]
1510
19520
1230
i24yY
P o 1Y)
1oy
Y]
104y
L29¥
louvw
Lelo
lez2y
lbuw
14w
ilbZw
ibny
lo,/©
Logd
P17}

Llaw

Lo
L3l
JE=PerY;)
185v
=T 1%
= 1’)
L0
i187¢
1889
LAY

EX4=(GAMMA-1)/GAMNMA

! VEFiNE TOTAL PARAMETERS

L= (GANMA*RrRG=TT )~ 57 SUNLL VEL FUR TUUAL CUND.
RHUT=PT/ (RG=+TT) s~ TOTAL DENSLITY

’

‘ INCREMENTAL LUOCATIONS FUR CALCULATIONS

R=((RE-RI)#*1l6)+1

INCR=1/16:" EVERY 1/16 INCH

FUR 1=1 TO R

R(LI)=RrR{+(I~-1)=*INCR

NEXT 1

' DETERMINE PT/PE FOR SUNIC THROAT

: FIND MES - MACH © EXIT FUR o7VAR CUND
Mho=.1:" JUST A FIRST HACK Tu sTART ITeERATILINOG
MESLl={RI/RE)*(FNBUB(MES)/FNBOB(1)) " (-EXJ3)

IF AUBSMES-MEsSL) <. wwwowi THEN GUTO 159w

MEo=MEsi

LUTUL 19550

MEsS=MES]L

! NOW USE MES TO FIND FT/PE FUR sSTAKR CUND
' CALL IT PRS -- FOR PRESSURE RATIU STAR

PRE=(FNBOB(MES) ) “EX1

’ CUMPARE PRESSURE RATIUO, PR, WITH PRS
PREPL A PR [o PRESSUKRE KATIU
i R > PR THEN GUTUO 1le80¥ ELskE wuiu 1720
LULUB JL30: GUTU THE SUPERSUNLIC cUBRUUGLANE
SUITL sbJdv: LUTWY THE JUTPUT SECTLUN
SUBSUNIC SULUTION
LN
URING"VHLD 1o A sUBSUNLC PhublenM
PNINI
Sk=o s CLAMMA-LY ) c L lPRAMRX4) -1y 2 0 SUHKRELER 149
WLiiH ME LN HAND FIND Myl Al ALL KAULAL —_ULAtuNs
UK AL UK
uunUuB L1=ld
Nesi ot
wlid fd1'> LET ALL UlkRreEr FRUFPERTIES
rid L1 g K
vuoUB LV
NeEXTT 1
bulfu sesw:”’ VUTL THE Juui'PUT wECU O LUN

=%

el s o P W YA LA AR L, W R T SR, T WY S AL T R W TN S B VAR Y VA,

PUCEM Il A ol gl S i el J S Tl "Rk TR i e Ny g
et et

atia aalaiiaa e, Yavaata
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LL0¢ KeEURN
—_——g
| -l
—— 3y SUBKRULTINE - - ZUFERSUNLL SULw i 4N
——td PR LOND
e PRENGDT iflo L= A ouUrorR=zwNIL rrubles
eoW SPRLIN
ca W DUbekss"yez" ; A
e JLART L AN2T1AL MARUH vixeEl i LUN = N T
P FACEE. D 5idk UF MARLH o kP .‘““q
WO o uNL ALt AR sHUCA AN/ LUT O UNTIL vl = FA" 1o oNT :
e AL, T.UUWLE PRESSURE pirt =N AL ¢ ALl S
em e AT INLVLAL Llezs 9 MAA MALR X
eoZU XOFiRL,Mal* VU LCANIMAY L) S/ P NBUBUIK Y Ao 1
-otd ﬂttkkkUANﬂA"lI’ﬂX‘;‘g!/(a;*uAﬂMAQmA‘_!—\uAﬂNA“LJIl‘ b 'f1
oY GLUBL=( U LAMMA+L) /20 «Ma L) /FNBUSOMX) ) “ERl . q
comY o oLdBo= VOAMMAC L) s ot GAMVTAY A L - LOATMMA- L) ) el
oW LY Ee s epLudl culUuBLy
-y
1% L VERATE Tu LET MACH AT [HE EXLT -- ME
P 2"3173]
i d JEEL 4 LNL I LAL Gubz=o @ o _
EPs w
PYPE WY L —_ A A el b e - S gt o - o o e e ;‘-' ‘-‘.A-‘A_A-- P '_‘“.l.-.\AAVAA‘..;A.- ..J‘ - - v "A.' A-...:_A. f.;“)“;-"; ‘;‘ . ..‘..AA..A.-“ b

wlzv

JNPUCTINPUT ThE RALLUS UF THE LINLED C(INCHes) @ ", Ki

TTTTSTNTN TR TN RN O AR SCI I I S B SaC A M M A A AARA LA AR SR S AN AR AL s 2 SEAAL AL A L ab A
PO-1Vi17) B
iYliy SUBRUUTINE -- INCREMENTAL MACH NUMBERER
P INPUT -- EX1iT MAuA NUMoer
19w fMi=.5: ANUTHER HAUR TO START THE L7ExALLuUN
1940 Mil=(Re*mnMb/Ku1))« (FNBUB(ME) /FNBUB(ML) ) "EX3
1950 IF ABS(MI-MI1l)<, VYWYl THEN GuUTU los8v
loe® MI=MI1
1970 LUlU 1940
198w M(l)=MI1
1990 RETURN
290988
010
Jgr; Vi) SUBRUOUTINE -- INCREMENTAL PRUFERTLES
pRvi i) INPUT -- MACH NUMBER e |
LW4lD gUB=FNBUB(M(L))
L0HY Sl =PT/(BUB EXL, PRESSURE (PSiA)
“¢BY RV LI)FPOL) S PRES FREDDUKE AT w
~9d7Y KHUGL) =RHUT/ (BOB Al DENSLTY (obLUusys UBLe runl S
208¢ gHUGL ) SRHUGLD = lud: RHU (LI E-da L
~wI9 ol lT/BUBY FEMP (DELREES WANARLINE, _J:
ZlVV Ly LloEUT/ o BULN. =) s SONIC VELOCLITY (FT/=£QO) R,
2110 Valr=M(Lrsccly’ FLUID VELOCITY «TrsBEL) G ¢q
~1.26 RETUKN S
Lis0 7 .
Llag o
D B T7) R SUBROUTINE -- ALTERNATE INPUT RIS
.o INPUT"INPUT GAMMA ", LAMMA S
~lsw LNPULTINFUT THE TUTAL TEMP IN VUELREES =X @ LPEE ~ KJ!
cizw NFUCSUONPUT THE EXLT PRESSURE IN rPsla "L PA R
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400 MEL= oMYk Y/KE) = (EFNEBUB(ME) /FNBUB(MY ) ) Y v -mXT)
4o 1F ABS MbEL-ME) <. vVl THEN wUuTu Z4dbQ

wddw =Mkl

L4558 LUILD 420

<40Y ME=MEL

2470 7

2480 PE=PTY,/ («FNBOB(ME))*EX1

2499

P17 B CUMPARE EXIT PRESSURE WITH AMBIENT
2510 MOUVE SHOCK UNTIL THEY MATCH

<920 1IF ABS(WPE-PA)I<EXIT THEN GUOTO 2750

2953¥ 1F PE<PA THEN GUTO 2650

S940

LSDW MARCH UUT WITH T'HE SHUCK

<500 MARCH=0O:PRINT"MARCHING QUT -- PE/PA = ", PE/PA
<9790 Lr MARLH-DIR=Y THEN &£58¢ clofE by

L0800 MX=MX+PALE

Pides 17 BN TEUR A S RIS U 1753 S UPDATED MX - RECALCULAIE
LYW FALE=PACE=-L. S

wbild Jin=Tw

cbaed MX=MX+rACk

ebaw BUTU 2530

Zo49

P =Y’ B MARCH IN WITH THE SHUCK

bt MARCH=1:PRINT"MARCHING IN --- pFE/PA = ", Pt
Lo/0 LF MARUCH-DiIR=©® THEN 2680 ELSE 279Q0

~dd MX=MX-FPACE

P -3-17 IR TS N SRS Y, |

L/VY FACESPACEC . D

/i wik=1

-/ LW MX=MX-PALE

o
AN
T
>

PV R T I U USRI 17) I e UPLDATED MX - RECALUVULA L
- 4w

I 7] B ik oHULK Lo NuW A T'Re NRILHT CULAT.LUN

e mJ RN

e o rRLNG T UHE SoUuLA Lo AL inE Kiudl LUcAl LN

w2 rRAINT"ShUCK LULATED A Kk = ", RY

- 20 PRINT"AREA RATLU - ASNOCK/Ae = ", RY/R1
_oww PRINT'ELSLT PREsSSUKRE = ", -k

LBi0 RINDTAMBLENLD PRELSUReE = ", FA

B FPRLINLUIFPRINGIPRLINY

LB PR , (e NBUBOMK D Y EXL

L4y PFRASPFX/PRED

Loy rYy=rly/s s NBUBUMY ;0 " RKL R
LESY FRITE I, PitED SRS
PR DRVIE

P et nl’d]

=17 FIND BREAK FUINT FUR sHULKR -~ SUFPER T oUB --  _od

WY Lod=INTCIRY -kL) /7 INCKR) * L

LAl

315 FEND MALH NUMBERD @ I LUCATIUNS
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S

T

sUrFExRSUNLLC - - FPRESHULK SECTLUN
Luflt-ARE ARSZA KA LUS tHEN ApJUdst MAaun
NUMBeER UNTLL I'HEY MAlCHd -- MARUH WwIlTH
fMTALH NUMBEK

PRINT"MARKCLH UP/DUWN WiTH MACLH TU MAITULH AxEA KAITLUS

FUR L=1 TU SWWW:NEXT L:’ DELAY U READ SUREEN
FUR 1=1 TU 1iSH

MiG=1:" MACH @ 1 -- GUESS

LiR=0

PACE=.5

eXxll=.901

LF KRLI=R 1) JHEN oUBY bLzoE LSUYU

AV =lt0uiU Zaoe

ANA SR L 7KL

ARA._ALL= VFNS_B 1l /FNBGBWMIL)Y ) "2XKo)/MLL
1o ApstaARAT-ARATCALLU»veXil THEN 530U

i ARAT<ARATCAcLL THRN 3250

.

: MARCH UP WITH MACH TOU MATCH A/A~
PRINT"MARCHING UP

MARC_H=V

tFVMARLH-DIR)=® THEN 3180 ELsSE =200
Miu=MluL+rALLE

suTU 210V
FALLEFALET L D
J.xTY
MdiusMilLrrACE
VU 21YY

MARCH DUCWN WITH MACH U MAJLH A/ A«
CRAONT"MARLAING DUWN
SAARLn T L
Lo MARC O Lx!Fw TnEN SoPW ool sold
Jlu=N_u-raAcc
SU L O L ae

AL TrACE . DY

LT L

e 4

_ow el om AL
I TR L R R v 5
S Za
ol AncA AL LU MAfLn -- Miw T AL AL ACAS
R A R
' 28W FRANTTAD LULADLUN T, L, " TdE MALR NUMBER Lo ", L
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S
S4by
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Saold
49
SOWY
33149
3520
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3240
3004
52V
SD/70
EiSr-1"]
el li]
SBdy
Y -4
SUal
by
=4y
S
Je0¥
o /Y
1-¥-1%]
JoI4Y
=700
B

s 49

U, 2 VE FUUND MOd
JAneE HE Mois '3 AN
SUPERSUNLL

FUR 1=1 U IsSH
LGusUb 2020

NEXT I
g SUBSONIC «
PrEeTy

FUR L1=ioH+1 Tu r
LUSUB 2ulY

NEXT L

PRINT:PRINT

i TURN

—————— JUrPUr ool lUN
‘ wilH ALL PRUPERITIES CALCULATED - tkRaNT HeM uui
“RINT"FLUW PRUOFERT'IES AT INCREMENTAL LUCATIUNS
MRAINT
FRAINT" 1 DISTANCE PRESSURE PRES RAT "
PRINT"MACH VELCGCITY SONIC V TEMP
FRINT" ( INCHES) (PSSl "
SPXANLD" [ I AVA-Y N (FTsoel) COEG
RN
Sl L1 TR
FRANT Uz LNO" #F# #.ARE REB.AAR Tri,Rva 0L
FROND USAING R RER #.H8n w#uw. #" ;PRI , MUl Vol
PrIND doINGT EE X N #Rw.#" ;L U L
SeAl .
Sa M.
NP 2 AL . SAYE Ut PRESOURE XAL LU WATA LT, W
L aem TNy e N c8od Slon ML
L e AN 38 LD 4.V

JreEN O UALA raln ok

crg T aNrdl e NAME
LN
LN "o, ®L, 0l

L 22 SR i KL, U

M. ®.,J, 1

PRONY

SRONG T mrbooulxs
Ca N
SN
‘AN g, L

Sk o7l tu [ZH
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S0 WR1IUE #L,1x0L1), FRUL)

soey NeXT QL

-~

4YVY LF SUPERS="YES" THEN 401¢ tlsc 4060
dvivw FPRINT rY, PrRX

40:0 PRINT RY, PRY

4030 WRITE #1, RY, PRX

4040 WRITE #1, RY, PRY

4000

4U6Y FUOR I=ISH+-1 TU R

4907@ PRINT R(I),PRC(I)

408 WRITE #1,kR(1),PR(I)

4uI¥ NEXT 1 -

41v CLUOSE

4118 PRINT

41,00 LNPFUT"oHALL § SAVE [THE rRESSUSE VATA 2 Y, Was
“4liw LF wos="y" THEN 4io¥ ElLsoeE 414w

“4iad o LWoB="Y" I'HEN 4iny ELoe 2uuwyw

’

LIy
«lod 7 UPEN UATA FILE FUR PRESSURE VS r DATA
4170

<13 INPUT"INPUT THE NAME OF THE DATA FILE : ", U429
<199 PRLINT

e WY UPEN "Q",#l, 028

4,10 wirITE: RCL), (L)

4:.20 WRITE #1,9, PRES

450 rRINT

44w PRINTT FResoURE DATA
4w PRONTY
2o FRANG" Rol) Foily

4./0 PRINT @, 2RES

429w FuUk L1=1 Tu Lz=H
di9d PRINT rRV1L), POl
4_UY NRLiz #HL,KRULy, Pl
+o0.LW NEALS L

4 ay

455YW LbPF DUPRERSI"(ES" HEN 45490 BEioo 407
434Y RKIN!I O KY, PA

42w PRIND ORY, PY

ooy ALl L, KRY, PR
to. ¢ ARLiE #L,MY,Y

4 -39
4020 CUR LTioAdvL U oK
4400 FRIND KU1, POL)

w4 LW WMRLIE #L, XvLi,PuoL
4.0 NbEAT |1

SUYYW wilidskE
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Appendix d

lnstrumentation Laist

ltem serial Numper
clectronic Control Technology S-1i0@ Computer ---

Anaiog-to-bDigital Card, Dual Systems Control
Moagel ALMle REV D o o o 0 . 0 . o 000 .. £LD310

Jigitali-to-Anaiag Card, bual Systems vantrol
Mogesr AUM-1e o o 0 o 0 v e e e e e e e e e LUS8

WISk Jrive Assembly, jarbeil .. . . . 0 . “eb/mvaBa

ierminas, Heathkit Mogeli H-1v . . . . . . . . 17-4357248
~canivalve, SULANLU Moceli 4859 3wle . . o . . 1%
iransaucer, SCANCUO Model PDCRrR23D-25PSID . . . -
wual LU Fovwer Supply, Hewlett Packard 6zésB . LlduAadovw4a o
—oienoid Controrier, SCANCO CTLR2/7%2-S6 00 . . 1482
Laa-sven Uecaoger, sSuANCU UED<s . . .o .« .« . . . /4l
tw¥-i1ncn Hg Manometer, King Engaineering . . . WeDs

~du-iacn Hg w=gquivalient pourdcon-type
rressure uvauge, Wallace and fiernan . . . . . A _4D-NNiguwuds

J1J1i%a. dlustaimerer, Adew.ett ragckara
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Appenaiix U

- TeEsT
A complete listing ot program TeosT rol.ows. nis
program was used for data acquisition. A descraiption ot the

application of TEST 1s gaiven in Chapter 1IV.

19w 7 PRUGRAM -- TEST

lliw

lzo 7 THIS PRUGRAM GATHERS DATA USING A SCANIVALVE.

P17 1T 3Tero ['HE VALVE THhuUwH 49 FPUkTs AND oAMibr.obs e
oo 7 LACH rPURT "n" [(litEsS. THE AVERAGE LF THE "AR" T
140 SAMPLINGS = PRINTED FUR ZACH ruUR.. .
Flel/ B L
+0g BEFUORE RUNNING THIS PRUGKRAM FOk LATA. urkon :-;ﬁ
bl THE PUWER SUFPLY OUTPUT AND THE CORKRESPUNDING <
iv7e FFSET « 1oV AND ~,0uuw9 ). -
180 A
19 K=<v: # OF SAMPLES TO BE AVERAGED

<YQ¥ INPUT"INPUT CONFIGURATION # : ", CUNFIG

~iw LNPUT"INPUT RESERVUIR PRESSURE : ", PY s

¥ rYUsrFY-L L
—cw o orxINY .
-y RING .
oW rRINV"CUNF IOURAVIUN", CGNF IO, "KES PRiss =7,rv, "1n g’
stow TeNd

/Y rFxINTT “UKkis 1 [IMreloH 3

Y PRINT"RAUDLAL VOULTAULE LN MlLo.VebL oo
22w rFRONG

WY fuR O LKAU =L U oo

LY orux WUk L w3

Sa'dd

oW JUT LS, Ll VUL VAL 9N -- vALVE oikis
40 Jyt 1sm, L7

238 L= DELAY U SN . LN

oy rdiv osL=L o4 L

S ¢ Nikst. ol AR
sw LU s, 0: VUL i'ALE Jr Sl
s UL, L b, 9 ﬁ ;

- Gdww R ALTL LU L ce

,0 410 NEXT nl

¥ 4.0 P roe)T. YUY

& 40U AADLEY

&‘ 44y

}{ 4590

.- 4uY FUR L =1 U oA

4,8 “nal=9

S
RN . . . A MRSV, VAN
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40w uli 14w, whl

42 UUl 144,

WU A=LINF(L4l) + (LNP(145) ANLD 13) elDb
SiY A=A-2048

2.0 ATLIU4UYB) A/ LVYD

24Y AALDD=AADD~+A

540 NEXT I

35¢¥ AAVE=AADD/K

o6W AADJ (IkRAD, IPURT)=(AAVE-OFFSET) » 1000

570 NEXT IPORT : LNy
2c@ PRINT USING "##¥. ### "; IRAD, AADJ(IRAD, LJ; R
Sol PRINT USING "###. nan "sAADJ(1RaAD, 2), AADJ (LIKAD, 3 T
254 PRINT USING "###. #4+# ";AADJ (LRAD, 4), AADJ ( LRAD, 3 L
S50 NEXT iKAD "
(Y17 B

ci9 =~UR L<=i Tu 8:° STEF VALVE iU nunké

e JUl L7/, a7

Do Ul 16, LAY

ol PuRr JJas A

238 NeaAT J2

e JUT L/, 0

/¢ QUT 175,00

s8Y SUGR OKZ2=1 TO L

039d@ NEXT K2

780 NEXT iz

71le

T SAVE DATA TU DATA FILE
F2W PRINY

/4w DNPFU"Dbu YUU WANT Tu sSAVE ThRio cAla &', asz
SDY O LF WBT "Y" Uil dYe

Jow INFUT"HUOW “BuUl ANUTHER RUN 2 ", wWes

T P W= "Y" o oLlU LW

ey RN "1 s beEaN A PLEASURE UULNU BUSDINEDS wWalnR YLy ¢
L N ST S R V]

W PxINVTINPUT FiLE NAME: BiRMEMLLUSE, DA
sl NAPME: ", rs

G JrnNO'wt, FL, e

Bod Wh LR L, LUNE LW

saew wWhils# o, 10

ST R T, SRR S R )

Daed LaNPTUG

—
40w FUR L33ioJU oD ’

. d.0d ARLoF L, AAU. VLS, o) R

- TOW NeAL Lo »

F_ S Noas Js

2do — ol -~
@ Jiw oUIU . md

2ol wiND

PR R RS

L R
MLV, €. VAN ARG G A Y o
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Appendax D AT

REDUATA
A compliete listing ot program kKiEDUATA roilows. inis
program was used to reduce the data which were generated by
program TEST. T'he details ot the program are described in

Chapter V.

LYY PRUGRAM -- REDDATA

Loty »#rLINT

DQuow PRINC"FPRULKAM ALuESvEs DAVA rFileEs VENEXA L D1
lvow rhiNi"THE wATA Axk PRESENTED 1N ABoJLUlbh RoosouUREDS
JRITE 7]

WDV siLubkx = 7Ll sLOFE UF CAL CURVE «mv Tu 1n. ng?
1LUpY PRINTY

LW/9 LNPUT "ENTER .DAT FILE NAME : ",05S

1689 PRINT

WYY INFUT"ENTER AMBIENT PRESS (in. Hg) : ", PA

Livw

il CUKRRECT PA FOR TEMP. AND GRAVITY

DRRTPULY; B CURRECTiIUNSs BASED JUN 8 DEL F @ 100U’ AND 49 UEG N

s i LUNLLPiuNS Ak OIFreRENT FRUM [#i=z SECcALCULAGE ¢! -
PV TENMMPE -, QlDs 28" URAV= -, 1l4/7.8"

L a3 o LURKEL-L 14D) /28 .
cem FATEACY(FACCURK) ﬁ
VI iy
Y RN PR - .
cLW FALEFAC L YSB AMBLENT PRESS ‘D LAD

Lod PnaNGtooRirECTEy AMBLEND PRESoURE Lo ", AL, "roiA”

e _rZAN LY, FL, 0D

Llad oNtUr #L, CUNFLL
so2Y) LNKPJY &L, 50

- 1]

F- T ~oRrxECT Y FUK O TEMP. O AND OURAV Y -—
L CUTHUS YL IR :
e

e CUAT LT A L LDl

J1% -
LoUW FUN LRAU T L iU B oo
loiv rur Lrurki = L Tu o

sZew fNru. #l, AADJUVIKAUD, LPUR) T}f

IRIYY, B cHANGE MV KEADINL U 1nches ng

L44W AHUCLIKRADL, LPURT)Y=AADJ (IKRKAD, LFURT ) solurk

Lonw 7 LURRECT AHG FOKR ToMP. AND ORAVLTY

Loty ARLGCLRAD, LUK S FARLY LAY, LTPURD )Y 2 AU CIRALD, LPUR D) LUK

JE LAANLE lnches rng u FoilA
———
PRV
1.}\- GRS : EOBDR iy - ‘;-';-.':L.n};'-'




ACOASLUTR TR SOt ChCh M Co A Mt MDA AC A A e ihe: Ao A e e a e e e it de e e

Ls8Y AP LAVIRAD, LFURT ) FVAHOLU Y LRAD, LFURT)*rFrA )/ . WOt
fo2v NEXS 1bkUkT
L4Yw NEX. LRAD

L41¥ FUK :=1 Tu 9 PR
14,9 PADD=TV fﬁy.

0 - - ‘.\-_
i400 FUR J=1 TO & e

1449 PADL=PADD+APS1AC], 1) RaA
1450 NEXT J :%ﬁf
l4e0 PAVG(1l)=PADLD/8

1470 PRAT(1)=PAVG(I)/PQA

3 1480 NEXT 1

L4998 PRINT DATA U SUREEN
- 1500 PRINT R
1320 PRINT o

124w PRINT"CUNFIGY, CUNFIG, "Res PRESS =", PUA, "PS1AT -
1359 PRINT R
ST4w kLN UR 2 L inRudod 3 Lo
1996 PRINT "KRAULAL PRESSUKE (=52 A5 R
iZLWw ~kINT o

2209 rUR O LrAD = L U d L

L38W PRIND USING "###. %54 "; LRAU, APSLACIKAL, 1) ; See
1598 PRINT USING "###. ### "LAPSIACIRAD, 2), APSIACLRAD, 3); e
lueW PRINT USING "s#p. #4# ";APSIA{IRAL, 4), APS1ACLRAD, 3 S
1019 NEXT LRaD

1020 PRINT:PRINT"AVERAGE PRESSURES" :PRINT R
1630 PRINT USING "##+#. ### ":Q, PAVGi1l), PAVOUZ) o
lodw FRINT USING "#8#. ### " PAVG(Z), PAVG(4), PAVLL S S
1oo¢ FRINT:PRINI"PRESSURE RATIGS" :PRINT S

- L A
socd PRAINT UsINL "#8#8. 88w "La, PxAT LY, PRAT VL RS
LT/Y FRIND JoiNo “"##5. 588 "LRPRATCI), PRAT (a4, rRAT (D) ;ﬁ;}
lwodd Lidoe L RN

S AT
LY PN e
Lowdy .. =, 28/2 et

"
)
)

PP S S

S R S I e =P
IR R S S T
PR 3Y) B e I IR FOW s
Jud JNSGUTodALL L SAVE THE PRESSURE RATLU DATA 000", Wi

Uooar wWiw="y" HEN L2WW Slhoc Ly [
L By L aam="r” HedN 8Wy ook L7309 T
PR %] .
JETALS) JreN DALA FlirE Fur Ps/rres vs K DALA 2
- ad

Lo ANFLYTANPU Y e NAME S ok vatA rlin ", ol
LHow ProNt

24y srsEN T2, L, 0lS

Li30v PRINT"PREOOSURE AT.U JATA

iy rxalNY

Ls/e wrilJkE ®L,9, L

8w IxLINT e, 1

L3¢ N LT LD D
lul
1
B S T T T o e N S T O T T S L . R TR B
e e S e eV N e T e T e s T T T e T T L e L e e
PEANRIOPC I, I T S T Sl ¥ S S SSRGS AR SN T A TSI U T, VS S AT AT S SR IR, WAL Y SR L PR AL R L WA P PR T Tl AP I Y




BRI N A Nr N, ) gie apapng o lal JAC S0 oia pf L0 Ju™sia- it " Ao olin® he™ e s - SSa S b+ B csea s aeb a4

oUW WRLJ e #Lo, K010, PRAT L)

poiw o PRANT KRulo, PRAT VLY

e P NEAL L

+95¢Y Llhubdke 1

L4

195w INPUT"SHALL 1| SAVE THE PRESSURE bata @ ", Wus
lY96¥ IF @zs="y" THEN 1Y990Q@ ELSE 1570

1979 IF w2s="Y" THEN 1990 ELSE 2140

iggy -
1390 - UPEN DATA FLlLE FUR PRESS VS R DATA
«Yy -

ZU1lv LNFPUT* INPUT THE NAME CF THE UOUATA FILE : ", LZs
LW PrRLINT

LWwaw UPEN "UY, Bl, LS

~9W40 PRINT"PRESSURE DATA
S50 PRONT

LU0 WRITE #1,49, FUA

w0 oRINT o, PYA

~wsYw ruUKr =1 g 9o

wOTW WKLo #1L,x(L:, PAVOUL)
Li9W SRENT KRuig, PAVGEUL
2110 NEXT L

L1l CLUSE 1

~la3w

2149 END

idua
R I I U T IR T TR SIS L . . . . et et e e e e FRC
PR A A L T U S T B S S Pt LT TE T . [ - T et e T e e, e e
D) . R R I T T N SO e . e e e e e s e
PGP SIS I N VIR N L% T T I AT L W - SRS ER AP SO A AP A 2 S A :f;"';f;i‘-‘!'- l’A_'.jJ-L.:.\




b
°
1
{

PSS NP SN A S A A A Nl Qi SN A Maa e N S VLR A R A B BB B S TP B 2 AT 6 B A

L A A O S

MY

T,

Appencax o

ng
.

-

LrrAREA

T Ter

The program EFFAREA solved the reed-valve probliem by

two anaiytic methods. Descriptions ot the technigques are

v

presented 1n cChapter V1. The major Qq@irxrerence bDetwveen

rr v v

LrFAREA ang SULVE 1s 1n tnhne area distripution ol the reea-

vailve rt.ow channed. The area aistributions are jistea pe.ow

L
o

tgr tne appiléabie method. ‘he i1ine aumpers correspond o

~ne 10cations  wnhere tney snhoutd be sSubsStltuted 1ato sSuLve.

utner minor modirications are described in Chapter vi.
Metnoa . area ratctios:

l4be rukR i=1 TJd R
ldb4 rR(IJ)=R1+(I-~-1)«INCR
l4eo NEXAT [

L4 Y ALY

L4/ 1i ALTALCLY

P WSO IS ST ¥4
L4/ Al ol
P N N A SN S DS
/2 AvD) =2, 1D4
Ll AV T L

ot At o 3L sdT
AHs8 AV T, sB0
LD AT T i
LW AV1IW T, D44
L3l ACL L TS0
Lte AL LS T, 2Ub

r v




DCRRICIL TN SN S S A e R L R N I AT R A A AR S AN S T W T N T W T N T N T N R R T T T T I TN T T
< . . . ST e LERCEN N NN - -t - - LA A P A
A
-~
-
.
-
[
-

T
-
o)
0
9]

- ares racios:

L4be FUX -1 U K

Ldba xuLrERictl-1)*iNCR
il46b Neal 1 et
Labds '

L4790 LNPUT"INPUT Acly = ";ACL
1471 Al=A(l)

1472 AVZ2)=1.39

.
-«

Ay

o &

AN
rr’y
! E.;’."

.;-'
Sl P

FA

TRy e
[ -
RIS
. ~i
" o
> >
s u
" ]

[LoJ PR OO O ¢

(G20 ST W A O VI

,,
£

u

3
VY
"

1
=Y

I 4

. O . . . . . . Y - N . 1.‘ - "t * "t .‘. . ‘. .‘.. -
PO PP R I -S S SIS S UG S DI SRS

=" e . C L P . - - -
LIPS PR IR VIO P SR W B S e




B DA M S S S, U Al e, Tt B i S i e e i A Sl b v A M uat At At o MLE Mt et Ml e Jo i s B i d R Attt

¢ £ 7 2 e—

-—T s -

1<
-
s

Captain Robert D. Hunt was born on 30 July 1955 ain
Shelby, Montana. He was raised in the Treasure State and
graduated from high school in Helena in 1973. He attended
Montana State University for four quarters before
transferring to the University of Hawaii, where he recieved
the degree of Bachelor of Science in Meteorology in December
1379. Bob was recruited into the USAF to attend AFIT in an
undergaduate degree conversion program. He recieved his
commigsion ag a distinguished graduate of 0TS and after the
l18-month praogram at AFIT, recieved a Bachelor of Science
degree in Aeronautical Engineering in 1982. He spent two
years working in the 3246 Test Wing as a flight test
engineer at Eglin AFB, FL. He became the lead test engineer
on F-16 flutter, loads, and stability and contral testing at
the Armament Divaision. Captain Hunt re-entered the School
of Engineering, Air Force Institute of Technoloegy, ain the
Aeronautical Engineering Master of Science program , in May

1984.

Permanent Address: 3725 West 44th

Anchorage, Alaska 99517




-— -

UNCEASSIFIED- 3 - / -
SECURITY CLASSIFICATION OF THIS PAGE /AL O z /S 2

REPORT DOCUMENTATION PAGE

1a REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS
UNCLASSIFIED

2. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT

Approved for public release;

2b. OECLASSIFICATION/DOWNGRADING SCHEDULE
distribution unlimited

4 PERFORMING ORGANIZATION REPORT NUMBERI(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)

AFIT/GAE/AA/85D-09

6a. NAME OF PERFORMING OAGANIZATION b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION
/1f applicable)

School of Engineering AFIT/ENY
6c. ADDRESS (City. State and ZIP Code) 7b. ADDRESS (City, State and ZIP Code)

Air Force Institute of Technology
Wright-Patterson AFB, Ohio 45433

8s. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)
8c. ADDRESS (Ci’y, State and ZIP Code; 10. SOURCE OF FUNDING NOS.
PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO. NO. NO. NO.

1t TITLE ‘Inciude Security Classification)
See Box 19
12. PERSONAL AUTHORIS)
Robert D. Hunt, B.S., Capt, USAF

‘ 13e. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT /Yr, Mo.. Day/ 15. PAGE COUNT
s _The FROM TO 1985 December 119

16. SUPPLEMENTARY NOTATION

17 COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number:
FIELD GROUP sSuB GR. Compressor, Valves, Scanivaive, Radial
22 94 Flow, Supersonic
12l Q7 |

19 ABSSTRACT Continue on reverse tf necessary and identify by blocR number

Title: A STUDY OF THE FLUID-DYNAMIC FIELDS
ON COMPRESSOR REED VALVES

Thesis Chairman: Eric J. Jumper, Lt Col, USAF

Approved bpzuc releaner IAW AFR l%#
%wouvm /6 VAL L

Dean tor Resea:ch and Prelesslonal Development
Air Force Institute of Technology WTCT~
Wright-Patterson AFB ON 4343

20 DISTAIBUTION AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION
UNCLASSIFIED/UNLIMITED _BXAME AS RPT _ OTIC USERS (L UNCLASSIFIED
222 NAME OF RESPONSIBLE !INDIVIDUAL 22b TELEPHONE NUMBER 22c OFFICE SYMBOL
rinclude Area Code:
Eric J. Jumper, Lt Col, USAF 513-255-3517 AFLT/ENY
s
DD FORM 1473, 83 APR EDITION OF 1 JAN 73 1S OBSOLETE. Y AGETIEIER
HNCLASS LT

SECURITY CLASSIFICATION OF THIS PAGE




R A AN it e oy

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE

The flow:induced pressure field in a reed;valve
arrangement was analytically predicted and experimentally
measured for steady-state conditiona. The flow was found to
be supersonic in nature with an imbedded shock for all but
the lowest pressure runs.

The analytic method used one-dimensional isentropic and
normal shock relations. The technique provides a good
"first-look" at the nature of the flow and is compatible for
use on a small computer system.

The experimental data was obtained by wusing an
1dealized reed-valve model. The data acquistion system was

computerized and used a scanivalve system to measure the

pressure 1in the valve model. Circular, square, and
rectangular valve plate geometries were 1nvestigated. The
inlet was circular for all cases. Flow-visualization oil

was also used in a qualitative approach to determine the
location and shape of the shock in the flow. The pressure
measurements and the flow visualization showed the shock to
be circular for all geometries and pressures tested. At
high total pressure runs the valve plate began vibrating and
the shock location became smeared, suggesting the the shock

-

was also oscillating.

"’- .
L
JRIRA

£y

UNCLASSIFIED L
SECURITY CLASSIFICATION OF THIS PAGE

AU AP TPIAE ST U Ty T, TR P, T SR U LA, L Sy ST A S - ST A WA W S VU Tl S W B L W, VAR VA, P AP WS VR AP AP URL WAL WPk WA W VAl WA




. .
Y - r
S S A A A A




